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TECHNIQUES FOR CREATING AND USING 
A HERARCHICAL DATASTRUCTURE 

BACKGROUND OF THE INVENTION 

Computing devices have made significant contributions 
toward the advancement of modern Society and are utilized 
in a number of applications to achieve advantageous results. 
Numerous devices, such as personal computers, laptop com 
puters, servers, minicomputer, mainframe computer, work 
station, distributed computer systems, simulators, emulators, 
debuggers, computer aided design (CAD) systems, and 
automatic test equipment (ATE) have facilitated increased 
productivity and reduced costs in analyzing and communi 
cating data in most areas of business, science, engineering, 
education and entertainment. For instance, computing 
devices, such as simulators, emulators, debuggers, CAD 
systems, and/or ATE Systems are utilized to design, simu 
late, emulate, analyze and/or test components, devices, 
circuits, systems, and the like. 
The design, simulation, emulation, analysis and/or testing 

of components, devices, circuits, systems and/or the like 
may generate a very large amount of data. Some simulators, 
emulators, debuggers, CAD systems, ATE Systems and the 
like may generate kilobytes, megabytes, gigabytes or more 
of data. As the components, devices, circuits, and systems 
and/or the instruments used to design, simulate, emulate, 
analyze and test them become ever increasingly complex, 
the amount of data generated continues to increase. There 
fore, there is a continuing need for improved techniques for 
storing and accessing such data. 

SUMMARY OF THE INVENTION 

Embodiments of the present invention are drawn to tech 
niques for creating and using a hierarchical data structure. In 
one embodiment, a method of creating a hierarchical data 
structure includes storing received data as records in a first 
level of the hierarchical data structure. Parameters for each 
block of records in the first level are summarized and stored 
in a second level of the hierarchical data structure. 

In another embodiment, a method of utilizing a hierar 
chical data structure includes querying a given level of the 
data structure. One or more blocks of records one level 
below the given level are accessed. Each of the one or more 
blocks accessed are those that are Summarized by a record 
in the given level that satisfies the query. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Embodiments of the present invention are illustrated by 
way of example and not by way of limitation, in the figures 
of the accompanying drawings and in which like reference 
numerals refer to similar elements and in which: 

FIGS. 1A, 1B and 1C show a block diagram of a hierar 
chical data structure, in accordance with one embodiment of 
the present invention. 

FIG. 2 shows a flow diagram of a method of creating a 
hierarchical data structure, in accordance with one embodi 
ment of the present invention. 

FIG. 3 shows a flow diagram of a method of utilizing a 
hierarchical data structure, in accordance with one embodi 
ment of the present invention. 

FIG. 4 shows a block diagram of an exemplary computing 
device for implementing embodiments of the present inven 
tion. 
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2 
DETAILED DESCRIPTION OF THE 

INVENTION 

Reference will now be made in detail to the embodiments 
of the invention, examples of which are illustrated in the 
accompanying drawings. While the invention will be 
described in conjunction with these embodiments, it will be 
understood that they are not intended to limit the invention 
to these embodiments. On the contrary, the invention is 
intended to cover alternatives, modifications and equiva 
lents, which may be included within the scope of the 
invention as defined by the appended claims. Furthermore, 
in the following detailed description of the present inven 
tion, numerous specific details are set forth in order to 
provide a thorough understanding of the present invention. 
However, it is understood that the present invention may be 
practiced without these specific details. In other instances, 
well-known methods, procedures, components, and circuits 
have not been described in detail as not to unnecessarily 
obscure aspects of the present invention. 

Referring to FIGS. 1A, 1B and 1C, a block diagram of a 
hierarchical data structure, in accordance with one embodi 
ment of the present invention, is shown. The hierarchical 
data structure may be embodied in one or more computing 
device readable media coupled to one or more computing 
devices. The hierarchical data structure includes a first level 
105 for storing root data. The root data may be stored as a 
plurality of records wherein each record 140 stores a set of 
sample values. 
The hierarchical data structure also includes one or more 

additional levels (e.g., level 2 through level N) 110, 115 that 
Summarizes data contained in the previous level. The addi 
tional levels 110, 115 include a record 120 for each block of 
records 125, 130, 135 in the previous level. The records in 
the additional levels 110, 115 may include statistical infor 
mation Such as minimum, maximum, average, mean, vari 
ance, standard deviation, moment, quartile, range, distribu 
tion and/or the like. 

For example, each record 140 in the first level 105 may 
include a plurality of parameters that may relate to an event, 
transaction or the like. In one implementation the parameters 
may be transaction, trace, state sample, or the like data, 
generated by simulators, emulators, debuggers, computer 
aided design (CAD) systems, automatic test equipment 
(ATE), or the like. In one implementation, the first level 105 
of the hierarchical data structure may include information 
stored in a plurality of tables 125, 130, 135. In one imple 
mentation, the size of the tables 125, 130, 135 in the first 
level 105 may correspond to the page size of a computing 
device utilizing the data structure. 
The second level 110 of the hierarchical data structure 

may include a plurality of records, wherein each record 120 
corresponds to a block of records 125 in the first level 105. 
In one implementation, each record 120 in the second level 
110 may include Summaries of one or more parameters in a 
given table 125 in the first level 105. Each summary in the 
second level 110 may for instance include a start value, an 
end value, a minimum value and a maximum value from all 
the records in a given table 125 in the first level 105. Each 
record in the second level 110 may also include a pointer to 
the given table 125 in the first level 105. In one implemen 
tation, the summary information in the second level 110 may 
be stored in a plurality of tables 145, 150. In one imple 
mentation, the size of the tables in the second level 110 may 
also correspond to the page size of the computing device 
utilizing the data structure. 
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The hierarchical data structure may also include a third 
level. In one implementation, each record in the third level 
may include Summaries of one or more parameters in the 
second level. The summaries in the third level may for 
instance include a start value, an end value, a minimum 
value and a maximum value for all the records in a given 
table in the second level. In one implementation, the Sum 
mary information in the third level may also be stored in a 
plurality of tables. In one implementation, the table size may 
correspond to the page size of the computing device utilizing 
the data structure. The hierarchical data structure may also 
include a fourth level, a fifth level, and so on 115, that 
similar summarize the level before them. The number (e.g., 
N) of levels in the hierarchical data structure may, in one 
implementation, be dependent upon a specified level of 
detail for the summaries stored in the additional levels 110, 
115. 
The hierarchical data structure is further described herein 

with regard to the method shown in FIG. 2, which shows a 
method of creating the data structure in accordance with one 
embodiment of the present invention. The hierarchical data 
structure created by the method may be embodied in one or 
more computing device readable media coupled to one or 
more computing devices. In addition, the method of creating 
the hierarchical data structure may be embodied in one or 
more computing device readable media coupled to one or 
more computing devices. 
The method begins with receiving data, at 205. The data 

may include the value of one or more parameters (e.g., time, 
Voltage, current, frequency, logic state) for an event, trans 
lation, trace, state sample or the like. Each set of parameter 
values are stored as a record 140 in a first level 105 of the 
hierarchical data structure, at 210. In one implementation, 
the records are stored sequentially in tables 125, 130, 135 of 
the first level 105 of the data structure. 

For example, upon receipt of a first set of parameter 
values, a first table 125 containing the first set of parameter 
values as a first record is created 140. Each subsequent set 
of parameter values that are received are appended to the 
table 125 until the first table 125 is filled. When first table 
125 is filled, a second table 130 is created and the next set 
of parameter values that are received are stored as the first 
record in the second table 130. Thereafter subsequent sets of 
parameter values are appended to the second table 130. The 
process continues to create a new table to store the next set 
of parameter values that are received after the current table 
is filled. For each new table created, the subsequently 
received sets of parameter values are appended to the new 
table until the table is filled. In one implementation, the size 
of each table 125, 130, 135 in the first level 105 is limited 
to the page size of the computing device readable media 
utilized by a computing device to store the hierarchical data 
structure. Setting the size of the table to correspond to the 
page size of the computing device readable media enables 
efficient storage of the first level of the data structure in the 
primary memory (e.g., system memory, RAM) and second 
ary memory (e.g., bulk storage, hard disk drive) of a 
computing device and transfers there between. 

After a given quantum of records are stored in the first 
level 105 of the hierarchical data structure, the values of one 
or more parameters in the given quantum of records are 
Summarized, at 215. In one implementation, the quantum of 
records is equal to the size of the tables 125, 130, 135 in the 
first level 105 of the data structure. Thus, after each table is 
filled in the first level 105, one or more parameters in the 
given table 125 are summarized. 
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4 
The Summaries (e.g., T-min, T-max, V-min, V-max) are 

stored as a summary record in a second level 130 of the 
hierarchical data structure, at 220. The summaries may 
include minimum, maximum, average, mean, variance, stan 
dard deviation, moment, quartile, range, distribution and/or 
the like statistical information about one or more parameters 
in the given quantum of root records. In one implementation, 
the summary records in the second level 110 also include a 
pointer to the table in the first level 105 that the record 
Summarizes. In one implementation, the Summary records 
are stored sequentially as records in one or more tables 145, 
150 in the second level 110 of the data structure. 

After a given quantum of records are stored in the second 
level 110 of the hierarchical data structure, the values of one 
or more parameters in the given quantum of records in the 
second level are summarized, at 225. The quantum for the 
second level may be less than, equal to or greater than the 
quantum of records for the first level. In one implementa 
tion, the quantum of records is equal to the size of the tables 
145, 150 in the second level 110 of the data structure. Thus, 
after each table is filled in the second level 110, summaries 
in the given table 145 are further summarized. 

In one implementation, the Summaries can be further 
Summarized in accordance with the following functions: 

Summaries can also be created any time, during writing as 
well as demand based during post processing. Subsequent 
Summaries may be calculated without modifying previous 
Summaries. The Summaries may also be used for faster 
calculation of other statistical information. 
The Summaries of the Summaries (e.g., T-min, T-max, 

V-max) are stored as a summary record in a third level of the 
hierarchical data structure, at 230. In one implementation, 
the summary records in the third level also include a pointer 
to the table in the second level 110 that the record further 
Summarizes. In one implementation, the Summary records 
are stored sequentially as records in one or more tables in the 
third level of the data structure. 
The process of Summarizing the records in a given level 

and storing the Summaries in a next high level of the 
hierarchical data structure may be repeated as desired, at 
235. Thus, for each level that contains a large number of 
records, a Summary of each given quantum of records in the 
given level may be generated and stored as a record in a next 
higher level. In one implementation, a large number of 
records is an amount that consumes more than a plurality of 
pages of computing device readable media. 

Referring now to FIG. 3, a method of using the hierar 
chical data structure for retrieval of data, in accordance with 
one embodiment of the present invention, is shown. In one 
implementation, transaction, trace, state sample data, or the 
like, generated by simulators, emulators, debuggers, CAD 
systems, ATE systems or the like may be retrieved from the 
hierarchical data structure. The data in the hierarchical data 
structure accessed by the method may be embodied in one 
or more computing device readable media coupled to one or 
more computing devices. In addition the method of access 
ing the data may also be embodied in one or more computing 
device readable media coupled to one or more computing 
devices. 
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The method begins with querying a given level of a 
hierarchical data structure, at 305. The query is a request for 
information based on specific criteria. The criteria may, for 
example, be a specific value, a state, a range of values, a 
transaction object, or the like. The given level may be the 
highest level or any of a plurality of intermediate levels in 
the hierarchical data structure. At 310, one or more quantum 
of records in one level below the given level may be 
accessed. The accessed records are those records that are 
summarized by records in the given level that satisfy the 
query. In one implementation, each quantum of records may 
be stored in a corresponding table in the level below the 
given level. In one implementation, the size of the tables 
corresponds to the page size of the computing device 
utilizing the hierarchical data structure. 

In one implementation, accessing the one or more quan 
tum of records in the level below the given level may include 
reading the one or more corresponding pages that store the 
one or more corresponding tables from a mass storage 
system (e.g., hard disk) and caching them in system memory 
(e.g., RAM). In one implementation, accessing the one or 
more quantum or records in the level below the given level 
may include outputting the values of one or more parameters 
contained therein. In one implementation, the values of the 
one or more parameters are output by rendering a visual 
representation (e.g., trace) on a display to a user. In another 
implementation, the values of the one or more parameters 
are output by storing the values in another data structure. 
The method may proceed with further querying the one or 

more quantum of records in the level below the given level, 
at 315. The records that are further queried are those records 
that are summarized by records in the given level that satisfy 
the previous query. 

The method may further proceed with accessing one or 
more quantum of records in the next lower level, at 320. The 
accessed records are those records that are Summarized by 
records in the level above that satisfy the given previous 
query. 
The method may also further proceed with further que 

rying the one or more quantum of records in the next lower 
level, at 325. The records that are further queried are those 
records that are summarized by records in the level above 
that satisfy the given previous query. 

In one implementation, the processes at 320 and 325 may 
also be iteratively repeated, at 330. In one implementation, 
the processes are 320 and 325 are iteratively repeated until 
a desired level of detail provided by the summaries is 
reached. In another implementation, the processes at 320 
and 325 are iteratively repeated until the root data (e.g., 
lowest level) is reached. 

In an exemplary implementation, simulator data stored in 
a hierarchical data structure may be rendered by first que 
rying the highest level of the data structure. The one or more 
records in the highest level of the data structure, that satisfy 
the criteria of the query, each Summarize a given table of 
records in the second highest level of the data structure. 
Thus, one or more records in each of the given tables of 
records in the second highest level also satisfy the criteria. 
However, the other tables in the second highest level do not 
satisfy the criteria and therefore can be skipped in a further 
query. 
The given tables in the second high level of the data 

structure that are summarized by records in the highest level, 
that satisfy the query, may be further queried. The further 
query identifies the one or more records in the second 
highest level of the data structure that satisfy the criteria. If 
the records in the given tables in the second highest level, 
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6 
that satisfy the further query, provide a desired level of 
detail, the Summarized parameters in the given tables in the 
second highest that satisfy the further query can be utilized 
to render the simulation data. However, if the records in the 
given tables in the second highest level do not provide the 
desired level of detail, the given tables in the third highest 
level of the data structure may be still further queried. The 
records that are further queried are those that are Summa 
rized by records in the given tables in the second highest 
level that satisfy the previous query, The process may be 
repeated until the levels of the hierarchical data structure 
have been walked to reach the desired level of detail or until 
the root records that satisfy the criteria have been deter 
mined. 

Keeping Summaries over non-unique keys allow fast 
search/iteration of records as well. For example, keeping a 
min/max Summary over the value of a signal trace allows for 
the record of a certain value to be found without Scanning 
any records for which the Summary indicates is outside the 
range. 
The summaries may be utilized to search for specific 

records, to render at a given level of detail, and the like. For 
example, during querying of event records, range queries 
over time are often of interest. Such queries typically 
involve transaction identifiers, which may be time invariant 
keys for temporal objects that are often generated by incre 
menting a counter. The transaction identifiers may be range 
queried to reconstruct all information belonging to a trans 
action object. Such fields generally are characterized by a 
large number of range values, which may not be strictly 
ordered but are largely ordered in all transaction related 
tables. Thus, utilizing the range summaries of the table based 
data structure is effective and useful. It may serve for 
conditional traversals involving these fields with increased 
selectivity, which enables many irrelevant pages to be 
skipped. The Summaries may also serve as indexes for these 
fields, even if they are secondary, to enable joins. 

For event records, such as analog waveforms, that may 
hold integer or double data values, the event records can be 
rendered based on the summaries at a given level of the 
hierarchical data structure. For instance, if the time range of 
a Summary maps to a single horizontal pixel of a display 
screen, all the data values for that time range can be rendered 
by drawing a line from the last x, y coordinate of the 
waveform to the start Summary value, drawing a line to the 
minimum Summary value, drawing a line to the maximum 
Summary value and then drawing a line to the last Summary 
value. The end result on the screen would be the same as if 
lines were rendered to all recorded samples in the range. 
Similarly for other waveforms, when there are too many 
records to map to the screen, the waveform can be rendered 
using the Summary. 

Referring now to FIG. 4, an exemplary computing device 
for implementing embodiments of the present invention is 
shown. The computing device 400 may be a local or remote 
device. Such as an emulator, simulator, debugger, CAD 
system, ATE System, personal computer, server computer, 
client computer, laptop computer, hand-held device, mini 
computer, mainframe computer, distributed computer sys 
tem or the like. The computing device 400 includes one or 
more processors (e.g., CPU) 410, one or more computing 
device readable media 420, 430 and one or more input/ 
output (I/O) devices 440, 450, 460, 470. The computing 
device readable media 420, 430, and I/O devices 440, 450, 
460, 470 may be communicatively coupled to the processor 
410 by a chip set 480 and one or more busses. The chipset 
480 acts as a simple input/output hub for communicating 
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data and instructions between the processor 410 and the 
computing device-readable media 420, 430, and I/O devices 
440, 450, 460, 470. 

The I/O devices 440, 450, 460, 470 may include one or 
more network interface cards 440, and peripherals such as a 
keyboard, a pointing device, a monitor, a speaker, a printer, 
and/or the like. The network interface card 440 provides for 
access to one or more other computing devices, networks 
and/or storage devices remote to the computing device 400. 

Generally, local storage, such as a magnetic disk and/or 
optical disk, provides for non-volatile storage of computing 
device readable instructions and data for use by the com 
puting device 400. For instance, the disk drive 430 may store 
an operating system (OS), applications and data. The data 
may be stored in a hierarchical data structure in accordance 
with embodiments of the present invention. The system 
memory (e.g., RAM) 420 provides for volatile storage of 
computing device readable instructions and data for use by 
the computing device 400. For instance, the system memory 
420 may temporarily store executing portions of the oper 
ating systems, one or more applications and associated data 
that are currently used by the CPU 410. In particular, the 
system memory 410 may cache one or more pages of the 
hierarchical data structure currently utilized by the CPU 
410. One or more cached pages may include one or more 
tables of root records and/or one or more tables of summary 
records at one or more levels of the hierarchical data 
structure. In one implementation, the tables are equal to the 
page size utilized by the computing device for caching of 
data from the disk drive 430 in the system memory 420. 

In accordance with the above description, embodiments 
of the present invention advantageously include a hierarchi 
cal data structure for recording and/or retrieving data. 
Appending new data as records in the first level of the data 
structure and appending additional Summaries in the corre 
sponding level of the data structure advantageously enables 
fast recording. The use of page sized tables in the root level 
and one or more Summary levels enables increased perfor 
mance when page caching techniques are utilized. Use of 
caching also controls memory usage for clients. Further 
more, the Summary records in one or more levels advanta 
geously enable retrieval of records containing specific val 
ues of parameters without retrieving all the records in the 
data structure. 
The foregoing descriptions of specific embodiments of the 

present invention have been presented for purposes of 
illustration and description. They are not intended to be 
exhaustive or to limit the invention to the precise forms 
disclosed, and obviously many modifications and variations 
are possible in light of the above teaching. The embodiments 
were chosen and described in order to best explain the 
principles of the invention and its practical application, to 
thereby enable others skilled in the art to best utilize the 
invention and various embodiments with various modifica 
tions as are Suited to the particular use contemplated. It is 
intended that the scope of the invention be defined by the 
Claims appended hereto and their equivalents. 

What is claimed is: 
1. A method comprising: 
receiving data; 
storing the data as records in a first level of a hierarchical 

data structure of a computing device readable media 
having a page size, the records in the first level orga 
nized into a plurality of ordered and separate tables in 
the first level by sequentially appending the records to 
a preceding table in the first level until the preceding 
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8 
table attains a size that corresponds to the page size 
before appending the records to a Subsequent table in 
the first level; 

Summarizing one or more parameters for each table of 
records in the first level of the hierarchical data struc 
ture into Summaries that include statistical information, 
each Summary generated to correspond to a different 
table of the plurality of tables in the first level; 

storing the Summaries as records in a second level of the 
hierarchical data structure; 

Summarizing the Summaries in the second level of the 
hierarchical data structure to generate Summaries of the 
Summaries; and 

storing the Summaries of the Summaries as records in a 
third level of the hierarchical data structure. 

2. The method according to claim 1, wherein each record 
in the first level stores a set of sample values. 

3. The method according to claim 1, wherein each record 
in the first level comprises a plurality of parameters. 

4. The method according to claim 1, wherein each record 
in the second level comprises a Summary of one or more 
parameters in a corresponding table of records in the first 
level. 

5. The method according to claim 1, wherein the records 
in the second level are organized into a plurality of separate 
tables in the second level. 

6. The method according to claim 5, wherein a maximum 
size of each table in the second level corresponds to the page 
size of the computing device readable media storing the 
hierarchical data structure. 

7. The method according to claim 1, 
wherein the records in the third level are organized into a 

plurality of separate tables in the third level. 
8. The method of claim 1 further comprising: 
querying a given level of tables of the hierarchical data 

structure, wherein each record in the given level of 
tables Summarizes and points to a corresponding table 
of records stored in one level of tables below the given 
level of tables of the hierarchical data structure; and 

accessing one or more tables of records in the one level of 
tables below the given level of tables pointed to by one 
or more records in the given level of tables which 
Summaries satisfy the query. 

9. The method according to claim 8, wherein accessing 
one or more tables of records in the one level of tables below 
the given level of tables comprises rendering one or more 
parameters in the one or more tables of records in the one 
level of tables below the given level of tables. 

10. The method according to claim 8, further comprising 
further querying one or more tables of records in the one 
level of tables below the given level of tables, wherein each 
of the one or more tables of records is summarized by a 
record in the given level of tables that satisfies the previous 
query. 

11. The method according to claim 10, further comprising 
accessing one or more tables of records in a next lower level 
of tables, wherein each of the one or more tables of records 
is summarized by a record in the level of tables above that 
satisfies the given previous query. 

12. The method according to claim 11, wherein: 
the given level of tables is the third level of tables of the 

hierarchical data structure; 
the one level of tables below the given level of tables is 

the second level of tables of the hierarchical data 
structure; and 

the next level of tables is the first level of tables of the 
hierarchical data structure that stores the data. 
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13. A non-transitory computing device readable media 
including instructions which when executed cause a proces 
Sor to implement a method comprising: 

receiving data; 
storing the data as records in a first level of a hierarchical 5 

data structure stored in the computing device readable 
media, the records organized into a plurality of ordered 
and separate tables in the first level by sequentially 
appending the records to a preceding table in the first 
level until the preceding table attains a size that corre 
sponds to a page size of the computing device readable 
media before appending the records to a Subsequent 
table in the first level; 

summarizing one or more parameters for each table of 
records in the first level of the hierarchical data struc 
ture into Summaries that include statistical information, 
each Summary generated to correspond to a different 
table of the plurality of tables in the first level; 

storing the Summaries as records in a second level of the 20 
hierarchical data structure; 

Summarizing the Summaries in the second level of the 
hierarchical data structure to generate Summaries of the 
Summaries; and 

storing the Summaries of the Summaries as records in a 25 
third level of the hierarchical data structure. 

14. The computing device-readable media according to 
claim 13, further comprising: 
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querying the second level of the hierarchical data struc 

ture; and 
rendering one or more parameters in one or more tables of 

records in the first level, wherein each of the one or 
more tables of records are summarized by a record in 
the second level that satisfies the query. 

15. The computing device-readable media according to 
claim 13, further comprising: 

querying the third level of the hierarchical data structure: 
further querying one or more tables of records in the 

second level, wherein each of the one or more tables of 
records in the second level are summarized by a record 
in the third level that satisfies the query; and 

rendering one or more parameters in one or more tables of 
records in the first level, wherein each of the one or 
more tables of records in the first level are summarized 
by a record in the second level that satisfies the further 
query. 

16. The computing device-readable media according to 
claim 13, further comprising: 

querying the third level of the hierarchical data structure: 
and 

rendering one or more parameters in one or more tables of 
records in the second level, wherein each of the one or 
more tables of records in the second level are summa 
rized by a record in the third level that satisfies the 
query. 


